Abstract. Recent studies have suggested that dietary fiber exerts a therapeutic effect on inflammatory bowel disease patients. The aim of this study was to evaluate the effects of a dietary fiber, germinated barley foodstuff (GBF), derived from the aleurone and scutellum fraction of germinated barley against dextran sulfate sodium (DSS)-induced experimental colitis in rats. Sprague-Dawley rats were fed a 3% DSS diet containing GBF or ·-cellulose for 8 days. The mucosal damage (macroscopic and microscopic inflammation) was then quantified. In addition, we evaluated the alterations in the mucosal mast cells and connective tissues. GBF effectively prevented mucosal damage. In addition, GBF suppressed the infiltration of the mucosal mast cells, and prevented the distraction of both collagen and elastic fibers. These effects may be closely associated with its inhibitory effects on mucosal mast cells, and the destruction of the mucosal connective tissues.
Introduction
The pathogenesis of inflammatory bowel disease (IBD), ulcerative colitis (UC) and Crohn's disease (CD) remain unknown. At present, corticosteroids and sulfasalazine are commonly used for the treatment of IBD patients (1) . However, the use of these agents is limited by their adverse effects (1) . On the other hand, there is a type of dietary therapy often used in enteral feeding for the treatment of active CD patients, but its effects are controversial (2) .
Short chain fatty acids (SCFAs) such as acetic, propionic and butyric acids, are known to be produced essentially by the anaerobic fermentation of carbohydrates, including dietary fiber, resistant starch and mucus, in the colon. SCFAs exert a variety of physiologic effects (3) . Some studies have reported the clinical effects of dietary fiber and/or SCFAs as therapeutic tools for IBD patients (3, 4) . For example, SCFA enemas were performed in patients with left-sided UC, and their efficacy was demonstrated. However, the major limitation is that the enema flow only reaches as far as the splenic flexure (5) , and its retention time in the colon is short (3) . We have previously reported that a certain kind of dietary fiber, germinated barley foodstuff (GBF), is the best generator of SCFAs in the gut lumen, and exerts strong therapeutic effects against experimental colitis in rats (6) and clinical UC patients (7, 8) . With respect to the mechanism of action of GBF, we discovered that GBF has glutamine-rich proteins, has a high binding capacity for cytotoxic bile acids (9) , and a high capacity for SCFA production through the actions of Eubacterium and Bifidobacterium in the gut lumen, and that the levels of SCFA correlated to an amelioration of the colitis (6), and inactivated nuclear factor kappa B (NFκB) (10) .
The aim of the present study was to evaluate the effects of GBF against dextran sulfate sodium (DSS; sulfated polysaccharide)-induced experimental colitis in rats, an animal model which exhibits colonic lesions similar to human UC (11) . In particular, we focused on the role of mast cells and the alterations in the connective tissues in the intestinal mucosa.
Materials and methods
Germinated barley foodstuff. The process of producing GBF (KRD-7181, Kirin Brewery Co., Gunma, Japan) is described below. After the germination process, the barley is mashedfiltered to extract the endosperm as a substrate for fermentation by yeast. Then the residual insoluble fraction, the brewer's spent grain, is obtained. GBF represents the aleurone and scutellum fraction obtained by milling and sieving the residual brewer's spent grain (12, 13) . GBF contains both glutamine-rich proteins and dietary fibers, mainly hemicellulose. The chemical composition of GBF is shown in Table I . GBF contains about 30% insoluble dietary fiber by weight. Fig. 1A shows the macroscopic features of GBF. Fig. 1B , C and D show the microscopic features of GBF and the cellulose fibers. GBF consists mainly of aleurone, which has a lattice-like structure and encloses cytoplasmic elements in the center (Fig. 1B) . In addition, a small amount of husk, which has a plate-like structure, is present (Fig. 1C) . On the other hand, ·-cellulose mainly shows a fibrillar form of fiber ( Fig. 1D) (9) . To note, GBF neither binds to DSS nor eliminates DSS in the gut lumen (6) .
Animals. Specific pathogen-free male Sprague-Dawley rats, 11 weeks old (400-450 g), were purchased from Nippon Clea Inc. (Tokyo, Japan). They were housed in a room with controlled temperature (20-22˚C), humidity (50-60%) and a preset light-dark cycle (12 h/12 h). The experimental protocol was approved by the Animal Care and Use Committee of the Shiga University of Medical Science.
Rat DSS colitis. The rats were allowed food and drinking water ad libitum, and were initially divided into three groups of 6 rats. The rats were fed ·-cellulose (CE+DSS) and GBF (GBF+DSS) containing 3% (w/w of diet) DSS (molecular weight 5000, total sulfur 15.0-20.0%; Wako Pure Chemical, Osaka, Japan) for 8 days. The control rats were fed cellulose alone for 8 days. The composition of the respective diets is shown in Table II . During the experimental period, food intake and body weight were measured daily.
Macroscopic mucosal damaged area. On the final day of the experiment, the rats were anesthetized with an intraperitoneal injection of pentobarbital sodium (40 mg/kg). After the rats were sacrificed by cervical dislocation, the body weight was measured and a laparotomy was performed. The large intestine from the anus to the cecocolonic junction was resected, irrigated with chilled saline and then cut along the antemesenteric border. The mucosa was photographed and the area of damage (color change to purple and red, structural changes with irregular folds, edema and erosion) was determined using an image analysis apparatus (NIH image version 4.0/Macintosh) for macroscopic evaluation according to our previous report (14) .
Damage score. A tissue specimen (10x10 mm) was removed 4 cm (middle portion) from the anal margin, fixed in Carnoy's fixative, and embedded in paraffin. Histological samples Table I . Chemical composition of germinated barley foodstuff. 
b This fraction mainly contains watersoluble mono-or oligo-saccharides. This value was calculated as follows: 100-(water content+lipid content+dietary fiber content+ash content) (%).
were then cut into 5-μm sections, and stained with hematoxylin and eosin (H&E) after de-paraffinization. The mucosal damage was evaluated independently by two investigators blinded to the study groups, and was determined according to a previously described method (15) . The scores derived from the two investigators were averaged. The following three parameters were used to quantify the damage; surface epithelial loss, crypt destruction and inflammatory cell infiltration into the mucosa. A score of 0-4 was assigned to each of the three parameters according to the extent and severity of the changes as follows: 0 = no change; 1 = localized and mild; 2 = localized and moderate; 3 = extensive and moderate; and 4 = extensive and severe. The sum of the scores from the three parameters was defined as the mucosal damage score for each animal.
Observation of mast cells and connective tissues in the intestinal mucosa. Toluidine blue staining (pH 2.5) was performed to evaluate the mast cells in the intestine (14) . Total mast cell counts in the intestinal wall were also numerated from the anus to 1 cm from the oral side. In addition, we evaluated the relationship between the local mast cell counts and the local mucosal damage in the intestines of both the CE+DSS and GBF+DSS groups. Briefly, we randomly selected intestinal fields under x100 magnification, and counted the number of local mast cell in these fields. We then evaluated the local mucosal damage according to the following three parameters; surface epithelial loss, crypt destruction, and inflammatory cell infiltration into the mucosa. A score of 0-3 was assigned to each of the three parameters according to the severity of the change as follows: 0 = no change; 1 = mild; 2 = moderate; and 3 = severe. The sum of the scores from the three parameters was defined as the local mucosal damage for each field.
In addition, elastica van Gieson and silver impregnation stains were performed to investigate the collagen and elastic fibers, and the reticulin fibers, respectively.
Statistics.
The results are presented as means ± SEM. Differences between means were evaluated using the MannWhitney U test for analysis. Differences were regarded as statistically significant for p values <0.05.
Results
Macroscopic mucosal damaged area. The dietary intakes of all groups were generally comparable (31.5±7.2 g/day, Figure 2 . Mucosal damaged area and damage scores of the colon. After the rats were fed experimental diets for 8 days, the colon was photographed and the area of damage was determined using an image analysis apparatus. (A) The damaged areas in the CE+DSS and GBF+DSS groups are shown. A tissue specimen was also removed 1 cm from the anal margin, and fixed in Carnoy's fixative. The histological samples were then stained with hematoxylin and eosin (H&E). The mucosal damage score was determined according to a previously described method (16) . (B) Damage scores from the CE+DSS and GBF+DSS groups are shown. The values are expressed as means ± SEM, * p<0.05. 
Table II. Composition of experimental diets (g/kg diet). -------------------------------------------------CE GBF -------------------------------------------------

-------------------------------------------------
Basic diets containing cellulose (CE) and germinated barley foodstuff (GBF). DSS, dextran sulfate sodium.
a Vitamin and mineral mixtures were prepared according to the American Institute of Nutrition 93 formula.
b Others include mainly lactose.
28.6±5.2 g/day and 29.4±7.8 g/day in the control group, CE+DSS group, and GBF+DSS group, respectively). No significant differences in body weight gain between the groups were observed during the experimental period. In the CE+DSS group, diarrhea occurred on days 2-3, and macroscopic bloody stools appeared on days 5-6. The GBF+DSS group, however, showed minimal symptoms compared to the CE+DSS group. In the GBF+DSS group, diarrhea occurred on days 5-6 and bloody stools appeared on days 7-8. None of the rats in any of the treated groups died during the experimental period. Macroscopic examination of the colon revealed hyperemia, erosion and occasional tiny blood clots in the rectum of both the CE+DSS and GBF+DSS groups. However, this mucosal damaged area was significantly reduced in the GBF+DSS group compared to the CE+DSS group (Fig. 2A) .
Damage scores. Using H&E staining, there was obvious evidence of inflammatory cell infiltration into the mucosa and submucosa in the distal portions of the CE+DSS and GBF+DSS groups. Entire crypt loss, surface epithelial loss and mucosal edema were also evident. However, these inflammatory parameters in the GBF+DSS group were significantly attenuated as compared to the CE+DSS group. The total damage scores quantitated by the scoring system are shown in Fig. 2B . The total damage scores in the GBF+DSS group were significantly lower than those in the CE+DSS group.
Observation of mast cells. Toluidine blue staining revealed that some mast cells and numerous macrophages ingesting DSS particles with metachromasia were scattered throughout the mucosa and submucosa of the CE+DSS and GBF+DSS groups (Fig. 3) . Mast cell counts in the control rats were recognized about 5 cm from the anus to 1 cm from the oral side. DSS treatment strongly increased the mast cell counts as reported in our previous study (14) . The mast cell counts in the GBF+DSS group, however, were significantly lower compared to the CE+DSS group (Fig. 4A) . The Pearson's correlation coefficient between the local mucosal damage and the local mast cell count was also evaluated. The local mucosal damage score had a strong positive correlation with the local mast cell counts (Fig. 4B) .
Connective tissue in the intestinal mucosa. Using elastica van
Gieson stain, in which the collagen and elastic fibers are stained red and black, respectively (Fig. 5) , DSS administration reduced the amount of red color, disrupted the bands of collagen fibers and made them more amorphous in the CE+DSS rats. These changes may represent the degradation of collagen fibers. However, these changes were significantly reduced in the GBF+DSS group. Using this staining method, the disappearance of the crypt structures was clear.
Using the silver impregnation stains, in which the reticulin fibers are stained black, DSS administration disrupted the bands of the reticulin fibers and made them more amorphous in the CE+DSS rats. Once again, these changes were significantly reduced in the GBF+DSS group. Using this staining method, the disappearance of the crypt structures was also clear.
Discussion
In the present study, GBF strongly suppressed DSS-induced colitis, both macroscopically (color changes, structural changes, edema and erosion) and microscopically (surface epithelial loss, crypt destruction and inflammatory cell infiltration). In terms of the connective tissue structure, GBF attenuated the DSS-induced destruction of the connective tissues. This change in the connective tissue structure is believed to be mainly due to the inflammation of the mucosa and submucosa, accompanied by strong inflammatory cell infiltration. In the future, this parameter of the connective tissue structure will be useful for evaluating intestinal damage.
On the other hand, DSS treatment strongly increased the mast cell counts compared to the non-DSS-treated rats. GBF, however, suppressed this mast cell recruitment. In addition, we demonstrated that there was a strong positive correlation between the local mast cell counts and local mucosal damage. These results strongly suggest that intestinal mast cells play important roles in the development of DSS-induced colitis, Figure 5 . Light microscopic photographs using H&E, elastica van Gieson and silver impregnation stains. The histological samples were stained with H&E, elastica van Gieson and silver impregnation stains to investigate the collagen and elastic fibers, and the reticulin fibers, respectively. Magnifications: H&E stain x100, elastica van Gieson and silver impregnation stains x200.
and that it is possible that GBF exerts its therapeutic actions via anti-inflammatory effects including the suppression of mast cells. Our results correspond to previous reports. We previously reported that intestinal mast cells play an important role in the development of DSS-colitis using Ws/Ws rats, which have a small deletion of the c-kit gene, and are deficient in mast cells (14) . In that study, we observed that DSS induced a local recruitment of mast cells in the colonic mucosa of Ws/Ws rats, and the mucosal damage gradually increased in proportion to this mast cell recruitment. Previous studies also reported that DSS-induced colitis was ameliorated in the histamine-deficient, histidine decarboxylase knockout mice (16) or in rats treated with histamine H2-receptor antagonist (17) .
Why did GBF suppress the recruitment of mast cells? In our previous studies, we proposed that the most probable mechanism responsible for the amelioration of DSS-induced colitis is the generation of SCFAs derived from GBF (6, 18) . GBF is rich in low-lignified hemicellulose and lignin (19) , as shown in Table I , and low-lignified hemicellulose is efficiently fermented by the microflora in the gut lumen to produce SCFAs (20) . In addition, GBF produced SCFAs through the actions of Eubacterium and Bifidobacterium in the gut lumen, and that the levels of SCFAs correlated to an amelioration of colitis (6, 18) . Therefore, of the many kinds of dietary fiber, GBF has the highest potential to produce SCFAs via fermentation.
Generally speaking, SCFAs exert a variety of physiologic effects, which include serving as an energy source for colonocytes (21) and the stimulation of colonocyte proliferation (22) . Butyrate is also suggested to have anti-inflammatory effects (23) .
Do SCFAs affect the mast cell activation or recruitment? Few previous studies have discussed the relationship between SCFAs and mast cells (24, 25) . Thus the precise relationship remains unclear.
In conclusion, GBF administration suppressed DSSinduced colitis in rats. It is possible that intestinal mast cells play an important role in the mechanism of action of GBF. However, whether GBF itself or the SCFAs derived from GBF affect mast cells remains unclear. Further investigation is needed.
